Abstract: Spleen tyrosine kinase (Syk) is an essential player in immune signaling through its ability to couple multiple classes of membrane immunoreceptors to intracellular signaling pathways. Ligand binding leads to the recruitment of Syk to a phosphorylated cytoplasmic region of the receptors called ITAM. Syk binds to ITAM with high-affinity (nanomolar K d ) via its tandem pair of SH2 domains. The affinity between Syk and ITAM is allosterically regulated by phosphorylation at Y130 in a linker connecting the tandem SH2 domains; when Y130 is phosphorylated, the binding affinity decreases (micromolar K d ). Previous equilibrium binding studies attribute the increase in the binding free energy to an intra-molecular binding (isomerization) step of the tandem SH2 and ITAM, but a physical basis for the increased free energy is unknown. Here, we provide evidence that Y130 phosphorylation imposes an entropy penalty to isomerization, but surprisingly, has negligible effect on the SH2 binding interactions with ITAM and thus on the binding enthalpy. An analysis of NMR chemical shift differences characterized conformational effects of ITAM binding, and binding thermodynamics were measured from isothermal titration calorimetry. Together the data support a previously unknown mechanism for the basis of regulating proteinprotein interactions through protein phosphorylation. The decreased affinity for Syk association with immune receptor ITAMs by Y130 phosphorylation is an allosteric mechanism driven by an increased entropy penalty, likely contributed by conformational disorder in the SH2-SH2 inter-domain structure, while SH2-ITAM binding contacts are not affected, and binding enthalpy is unchanged.
Introduction
The non-receptor spleen tyrosine kinase, Syk, is an essential player in hematopoietic cell signal transduction involved with distinguishing self from nonself. [1] [2] [3] [4] [5] Syk transduces signals from immunoreceptors (e.g. B cell receptor, T cell receptors, Fc receptors) to various downstream pathways relating to proliferation, differentiation, phagocytosis, etc. 2, 3 Thus, dysfunction of Syk is closely related with autoimmune diseases, inflammation, and malignancies. 2 Recent studies have also revealed unusual roles of Syk in nonimmune cells such as a tumor promoter in some tumor types, but a tumor suppressor in others 6 ; stablizing Bcl-xL mRNA through nucleolin 7 ; promoting the clearance of stress granules through authophagy 8 ; and involving microglial cell dysfunction in
Alzheimer's disease. 9 This breadth of functionality is achieved through association of Syk with multiple proteins, including membrane immunoreceptors as well as cytoplasmic proteins.
Syk contains an N-terminal SH2 domain, (N)SH2, linked by interdomain A, IA, to a C-terminal SH2 domain, (C)SH2, followed by the catalytic kinase domain. The two SH2 domains plus IA are termed the tandem SH2 domains (tSH2; Fig. 1 ). 10 Transduction in immune signaling relies on Syk tSH2 interaction with the cytosolic regions of immunoreceptors known as immunoreceptor tyrosine-based activation motifs, or ITAMs, which contain a consensus sequence YXX(I/L) X 6-10 YXX(I/L). 1, 11, 12 When immunoreceptors are activated by an extracellular signal, the two YXX(I/L) cassettes become phosphorylated. 1, 13 Syk association with doubly phosphorylated ITAMs (dp-ITAMs) is mediated by tSH2 through a bifunctional high affinity [14] [15] [16] [17] [18] [19] (K d in nM ranges) association. Each SH2 domain binds one phosphorylated YXX(I/L) cassette in a head-to-tail fashion 10 : (C)SH2 binds to the N-terminal pYXX(I/L) cassette while (N)SH2 binds to the C-terminal pYXX(I/ L) cassette (Fig. 1) . After recruitment to the membrane, Syk is activated and phosphorylated at numerous tyrosyl sites in two linker regions to control downstream immune signaling. 1 Phosphorylation of one site, Y130 (murine Syk numbering) in the IA linker connecting the two SH2 domains, plays a role in regulating immune signaling in cells by weakening the association of Syk with membrane receptors. 1, 20 In vitro studies find that the introduction of negative charge on IA leads to greatly reduced affinity for peptides derived from dp-ITAMs (K d increases from nM to μM range). 21 Release of Syk from membrane immunoreceptors terminates the immune signaling response and would free Syk for alternative downstream signaling events. 1, 2 The mechanism that regulates Syk binding to dp-ITAM of immunoreceptors is not well understood in structural and physical terms. An unanswered question is how Y130 phosphorylation promotes the dissociation of Syk from dp-ITAMs as Y130 is located in IA distal to the phosphotyrosine binding sites of the SH2 domains (>30 Å; Fig. 1) . 10 Previous NMR studies showed that negative charge at Y130 affects the interdomain structure of tSH2, rotationally decouples the two SH2 domains, and changes the overall hydrodynamic shape of tSH2 in the ligand-free state. 21 Nonetheless, how these perturbations in conformation upon Y130 phosphorylation reduce affinity between Syk tSH2 and receptor dp-ITAMs is not clear. (A) tSH2 complex with a dp-ITAM peptide (ITP, AcPDpYEPIRKGQRDLpYSGLNQR-NH2). Syk tSH2 is shown in ribbon representation. Green: (N)SH2 domain . Cyan: Interdomain A (IA, 119-162). Blue: (C)SH2 domain (163-264). Y130 is highlighted in red sticks. ITP is drawn with gold sticks, with the phosphoryl groups of the two phosphotyrosines shown as gold spheres to indicate the binding pockets. The interface between the three domains is illustrated by showing the side chains of residues that are within 6 Å of any heavy atom from either of the other two domains. (B) tSH2 with the domain-domain interface highlighted using spheres for the interface residues defined as in A.
The catalytic domain and the two SH2 domains of inactivated Syk form a compact structure, 22 but once bound to dp-ITAM regions, the Syk catalytic domain is thought to disengage from the rest of the protein and become activated. 10, 22, 23 Accordingly, regulating the dissociation of Syk from the immunoreceptors is a property of the isolated tSH2 component of Syk and can be reasonably evaluated with the tSH2 fragment of Syk. The binding of dp-ITAM to Syk tSH2 is modeled in this study by a 2-step process [ Fig. 2(A) ]. The first step is the intermolecular association of (C)SH2 with the Nterminal pYXX(I/L) cassette of dp-ITAM in a monofunctional binding complex. Second, the (N)SH2 domain associates with the C-terminal pYXX(I/L) cassette through an intramolecular isomerization step to form the head-to-tail bifunctional complex with both SH2 domains ligated. One proposal put forward for the basis of reduced affinity between Syk and receptor ITAMs is that Y130 phosphorylation converts tSH2 to a conformation that cannot accommodate bifunctional binding and only one pYXX(I/L) cassette can associate at a time. 21 This proposal was refuted recently using an NMR lineshape analysis; the binding process of tSH2 with negative charge added to IA was shown to remain bifunctional. 24 It was concluded that the reduced affinity of Syk for immunoreceptors by Y130 phosphorylation is not due to preventing the second binding (isomerization) step, but is due to an increase in the free energy for the isomerization step, although the equilibrium strongly favors the forward direction for both unphosphorylated and phosphorylated tSH2.
24
The 3-state model [ Fig. 2(A) ] is a simplification of the possible microstates for the association between tSH2 and dp-ITAM. Each SH2 domain has been shown to bind each pYXX(I/L) cassette of ITAM, which gives nine alternative complexes of tSH2:dp-ITAM with either a 1:1 or 1:2 stoichiometry, plus only the head-to-tail mode observed in the crystal structure (1A81) for the fully engaged, bifunctional complex. 24 The potential for nine complexes was identified from a residue-level analysis of NMR titration data. Fitting equilibrium binding data with both the full 10-state model and the reduced 3-state model justified use of the simplified 2-step process in Figure 2 (A) when the tSH2:dp-ITAM molar ratio is approximately less than two, 24 which is a condition used for the results reported here. Previous investigations on the association between dp-ITAM-derived peptides and Syk tSH2 reasonably assumed a single-step process, which fits well the high-affinity binding measured in these studies. [14] [15] [16] [17] [18] In another case, a 3-state model was adopted to fit surface plasmon resonance (SPR) data for Syk tSH2 binding an ITAM-derived peptide with a rigid connector between the two pYXX(I/L) cassettes at lower temperature. 19 The data were well fit with a 3-state model. None of the experimental methods utilized in these earlier works provide the residue-level characterization of titrations afforded by NMR chemical shifts 24 and the potential presence of other complexes could not have been ruled out to substantiate the reduction to three states. Here, we investigate the possible structural basis for the increased free energy of the second step involving intra-molecular binding (isomerization) after Y130 phosphorylation by considering different possible mechanisms [ Fig. 2(B-D) ].
First, given that negative charge at position Y130 in IA alters the inter-domain structure, that is the separation and orientation of the (N)SH2 relative to the (C)SH2, 21, 24 reduced affinity of the isomerization step could arise from non-optimal association at the Figure 2 . Schematic for Syk tSH2 interaction with dp-ITAMs of membrane immunoreceptors. The two SH2 domains, (N)SH2 and (C)SH2, are labeled "N" and "C," respectively, and connected by the IA linker. dp-ITAM peptide binds in a head to tail orientation and is shown with each pYXX(I/ (C) Suboptimal dp-ITAM conformation: altered tSH2 domain structure requires dp-ITAM to adopt a suboptimal bound state conformation as a result of the change in the relative position of the two binding sites. (D) Entropy-based model, in which Y130 phosphorylation increases domain-domain motion and thus entropy penalty for the isomerization step.
(N)SH2 binding site, which lies at the SH2-SH2 interface (Fig. 1) . The isomerization step for positioning the second pYXX(I/L) cassette in the (N)SH2 binding site would be less favorable if IA phosphorylation effects on conformational equilibrium of the tSH2 inter-domain orientation and separation (i.e. the domain-domain structure) diminished binding interactions [ Fig. 2(B) ], or by requiring bound dp-ITAM to adopt a higher freeenergy conformation than that when bound to unphosphorylated tSH2 [ Fig. 2(C) ]. Overall, the change in SH2 domain-domain orientation and weakened coupling of the two SH2 domains after Y130 phosphorylation could result in less favorable intermolecular association of dp-ITAM in a bifunctional manner, which depends critically on matching the two pYXX(I/ L) cassettes with the two SH2 binding sites. 10 While the two mechanisms proposed above are perturbations of intermolecular interactions and would be manifest mainly in the binding enthalpy, another potential basis for the decreased binding affinity is that phosphorylation of IA alters the conformational fluctuations internal to IA and/or fluctuations of the SH2-SH2 domain structure. A differential effect from phosphorylation on conformational fluctuations between the unligated and bound states would alter the entropy of the isomerization step. Because Y130 is distant to the two binding sites of the SH2 domains, the negative regulation of Syk-receptor association by Y130 phosphorylation is allosteric. Entropically driven allostery (sometimes imprecisely referred to as dynamic allostery) has been increasingly recognized and discussed. [25] [26] [27] As shown in Figure 2 (D), an entropic basis for reducing the equilibrium for isomerization in the forward direction is that Y130 phosphorylation increases the entropy of the unligated and singly bound forms of tSH2 relative to the bifunctional complex, resulting in a higher entropy penalty for the isomerization step.
To test these models, chemical shift perturbation experiments from nuclear magnetic resonance (NMR) spectroscopy and isothermal titration calorimetry (ITC) experiments were performed. The data support the entropy-driven model proposed in Figure 2 (D).
Results and Discussion
Syk complexes for modeling the interaction between Syk tSH2 and immunoreceptor ITAMs
In the following text, (N)SH2 and (C)SH2 are used to denote the N-terminal and C-terminal SH2 domain, respectively, in the context of the whole tSH2 molecule, while N-SH2 and C-SH2 refer to isolated SH2 domain fragments of Syk. A high sequence identity exists between human and murine Syk (92% for (N)SH2, 94% for (C)SH2, and 100% for IA), and the tSH2 constructs used in this study are based on murine Syk. 24 Three tSH2 forms were used to investigate the effect of linker A phosphorylation on the association of Syk and immunoreceptors: tSH2 UN , the unphosphorylated Syk tandem SH2 domain (murine Syk Residues 8-264); tSH2 PM , Syk tandem SH2 with a single Y130E mutation to mimic the effect of phosphorylation by introducing negative charge on IA, a substitution that has been used to study the behavior of the Y130-phosphorylation in cells 20, 28, 29 ; and tSH2 FX , with IA (Residues 119-162) replaced by a (GGS) 3 GS(GGS) 3 flexible linker. These tandem SH2 proteins have alternative forms of the linker connecting the two SH2 domains and have been utilized previously to investigate Syk IA phosphorylation. 21, 24 The studies found that SH2-SH2 domain structure in tSH2 UN is well ordered and appropriately oriented in solution for bifunctional, high-affinity binding to dp-ITAMs, while the fully flexible linker in tSH2 FX enables independent rotation of the two SH2 domains such that the SH2 domains are rotationally decoupled and not fixed in orientation. The precise SH2−SH2 domain structure and degree of inter-domain association in tSH2 PM are unknown but are intermediate to tSH2 UN and tSH2 FX . Isolated SH2 domains, N-SH2 and C-SH2, were also constructed to study as references for single-domain binding parameters. The 20-residue dp-ITAM peptide, ITP, contains two pYXX(I/L) cassettes (see Methods section for sequence), derives from the CD3ε chain of the T cell receptor, and has reported affinity of 20-30 nM for unphosphorylated tSH2 (tSH2 UN ) 14 21 Feng et al.
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A characteristic pattern in the CSP residue profile emerges when ITP binds any of the tSH2 forms. This CSP profile is shown in Figure 3 ] is reasonable considering that each pYXX(I/L) cassette interacts with residues in the specificity pocket and the phosphotyrosine pocket following the canonical binding mode for SH2 domains. Similar CSP patterns are seen for other SH2 domains such as Src SH2 33 , Vav SH2 34, 35 , Spt6 N-terminal SH2 36 , and PI3K p85 Nterminal SH2. 37 It is noteworthy that the highest CSP values [0.3-0.5 ppm; Fig. 3 (A)] are mostly from the glycine residues (G77, G78, G97, G230, and G249) in the EF and BG loops that appear to gate access to the specificity pockets. 34, 35 These glycine residues are highly conserved across different Syk variants from various species (>92% occurrence, which is higher than at least half of all Syk tSH2 residues, see Fig. S1 ). The importance of these loop regions is further suggested by the report that a single mutation in the EF loop of PI3K p85 N-terminal SH2 can cause significant changes in SH2 structure and binding specificity. 38, 39 Because the large CSP values reflect intermolecular interactions, as opposed to effects remote to the binding region, chemical shift differences were analyzed in detail to better understand the effect of IA state on ITAM binding, and presented in the next sections.
Chemical shift covariance analysis
The characteristic patterns apparent in the CSP profile for ITAM peptide complexes [Figs. 3(A) and S2] suggest that ITAM binding to Syk tSH2 elicits a consistent perturbation that is reported in the chemical shift variations of the two SH2 domains. A covariance analysis of chemical shifts 40 was, therefore, explored to gain insight into the influence of Y130 phosphorylation on the affinity of Syk for receptor ITAMs under the premise that differences in the response between two proteins would be detected in the covariance analysis by a loss of correlation. A covariance analysis of chemical shifts, introduced by Melacini et al., 40 It is possible to take advantage of the greater information of individual nuclei rather than the combined CSP, a scalar quantity, by using a distance correlation coefficient, DCOR, which is effective for capturing the correlative behavior of vector quantities. 41, 42 The details for both the chemical shift correlation analysis and DCOR calculation are given in Supplementary material. DCOR values based on distance correlations of the chemical shift differences between free and bound states were computed with data from the three forms of tSH2 in complex with ITP, N-IHP, and C-IHP. Chemical shift data were included for the 84 residues with 15 N-HSQC peak assignments common to all 12 tSH2 states (see Supplementary material). An IHP complex was taken to be analogous to the canonical head-to-tail tSH2 complex. That is, data for a canonical IHP complex comprised (N)SH2 chemical shifts from a C-IHP/tSH2 complex and (C)SH2 chemical shifts from an N-IHP/tSH2 complex, and DCOR coefficients were computed from chemical shift differences between unligated tSH2 proteins and the proteins bound with IHPs. The resulting distributions of DCOR values are plotted in Figure 4 (solid black curves, IHPs only). As expected, the changes in chemical shift overall are highly correlated with all DCOR values being greater than 0.4 and a large fraction greater than 0. N HSQC assignments observed in all 12 tSH2 states. An IHP complex includes resonances of (N)SH2 residues for the C-IHP/tSH2 complex and of (C)SH2 residues for the N-IHP/tSH2 complex. The DCOR values were calculated either among the three IHP complexes only (black), or among these three IHP sets plus one of the ITP complexes (red for tSH2 PM , blue dotted for tSH2 FX , and green for tSH2 UN 15 N dimension. The outliers in the pairwise comparisons in Figure 5 are discussed below and in the following two sections. The effect of Y130 phosphorylation on the ligandfree state conformation is considered from comparing tSH2 PM versus tSH2 UN [ Fig. 5(A) ]. The outliers in Δδ values are mapped to the structure in the bottom panel of Figure 5 (A) (red) and found to be mostly from residues located in the interface of the two SH2 domains. Interface residues (side chains) are shown as sticks in Figure 1 (A) and as spheres in Figure 1 (B). That interfacial residues have relatively large Δδ values is consistent with the previously reported changes in domain-domain orientation and rotational decoupling when residue 130 is negatively charged. 21 For tSH2 FX versus tSH2 UN in the ligand-free state [ Fig. 5(B) ], the outliers are not only from the same residues along the interface as in Figure 5 (A), but also residues in or close to the C-terminus of the (C) SH2 domain. These outliers may reflect domaindomain associations that are not present in tSH2 UN or tSH2 PM but occur in tSH2 FX where the two SH2 domains are rotationally independent. 24 A striking result is the comparison between the bifunctional ITP complexes of tSH2 PM and tSH2 UN shown in Figure 5(C) . Remarkably, there are no outliers in Δδ values in stark contrast to all other pairwise comparisons, including the unligated states of these two proteins [ Fig. 5(A) ]. The lack of outliers in the distribution in Figure 5(C) is not a result of fewer resonances [96 in Fig. 5(C) vs. 130 in Fig. 5(A) ]; the same behavior is observed in chemical-shift difference plots limited to the 84 residues sufficiently resolved in all the 12 states included for this study (Fig. S3 ). This behavior is further illustrated with overlays of the 15 N-HSQC spectra (Fig. 6) . A zoomed in the region of the spectra of unligated proteins (left panel) shows a number of peaks with different chemical shifts for tSH2 UN and tSH2 PM , while these peaks for the ITP-bound proteins (right panel) become nearly degenerate, even in the case of G249, which is substantially shifted upon ITP binding. The underlying conformational differences reflected in the observed SH2 domain resonances (structural or dynamic) between unphosphorylated tSH2 UN and tSH2 PM with negatively charged IA appear to no longer be present in the ITP-bound state. In contrast, there are numerous outlier Δδ values in the comparison of ITP-bound states for tSH2 FX and tSH2 UN [ Fig. 5(D) ]. Thus, the conformational changes introduced by replacing IA with a totally flexible linker (tSH2 FX ) cannot be rescued by ITP binding.
The chemical shift differences in the IHP-bound state of tSH2 PM or tSH2 FX relative to tSH2 UN were also determined to consider the monofunctional binding process of a pYXX(I/L) cassette binding independently to an SH2 domain. Chemical shift changes are observed for resonances from both SH2 domains upon addition of either N-IHP or C-IHP, and thus it is clear that IHP peptides bind both SH2 domains. 24 Only the association of the SH2 corresponding to the head-to-tail binding [see Fig. 1(A) ] is relevant for considering single-SH2 binding effects in comparison with bifunctional dp-ITAM binding, so only Δδ values corresponding to (N)SH2 binding C-IHP and (C)SH2 binding N-IHP are shown for analysis of the IHP chemical shift changes in Figure 5 . Examination of panels E and F comparing the IHP bound states finds a number of outliers (red diamonds) for both tSH2 PM and tSH2 FX relative to tSH2 UN . Comparison with panels A and B, respectively, finds that many of the outliers for the bound-states are also present in the free-state as outliers. Further, these outliers are not from residues with large CSP values characteristic of binding ITP [Figs. 3(A) and S2) . Together, the data suggest that these large Δδ values occur from structural perturbations arising from the altered linker state rather than binding. We investigate this possibility further in the next section.
Difference of chemical shift differences (ΔΔδ) reveal the tSH2 linker state affects ITP but not IHP binding
We sought to separate Δδ signals due to IA-caused conformational perturbations that occur in the unligated state from those that result from a disparate binding response. There are several common resonances that appear as outliers in a given row of Figure 5 , which suggests many of the large Δδ values observed in Figure 5 (D-F) reflect structural differences in the ligand-free state rather than perturbations caused by binding. To examine this possibility further, we analyzed the difference in chemical-shift differences, ΔΔδ = Δδ BOUND − Δδ FREE , where Δδ BOUND and Δδ FREE are the chemical shift difference between two tSH2 forms in a bound state and the ligand-free state, respectively. ΔΔδ would effectively remove ligand-free state conformational perturbations if they simply carry over unchanged to the bound state.
The ΔΔδ values for tSH2 UN compared with tSH2 PM and to tSH2 FX are shown in Figure 7 , where the value plotted in Figure 7 is the difference between two values in Figure 5 panels indicated in the upper right corner. The analysis is restricted to the 84 resonances that are observed in all 12 tSH2 states to ensure the same residues are compared in all cases. It is clear from the narrow distribution with no outliers in Figure 7(C,D) that binding the IHP (Figs. 3 and S2) . These data together suggest that conformational changes induced by binding ITP depend on the linker state (e.g., Y130 phosphorylation or fully-disrupted linker), while binding an IHP to a single SH2 domain is not sensitive to linker state.
Chemical shift differences (Δδ) imply SH2-SH2 interactions in the ITP complex of tSH2 UN and tSH2 PM but not tSH2 FX We looked for conformational effects reflected by chemical shifts that might result from bifunctional binding and not from an individual pYXX(I/L) cassette of IHPs binding SH2. We, therefore, examined the chemical shift differences of each tSH2 protein ligated with either ITP or IHP: Δδ = δ(tSH2 i /ITP) − δ(tSH2 i /IHP).
As shown in Figure 8( Fig. 8(A,B) , respectively], and a small number of outlier resonances exist. Interestingly, the outliers -G230, Y243, and S244 -are in the SH2-SH2 interface or the (C)SH2 specificity pocket; G230 is also adjacent to K231, which in the crystal structure forms a salt bridge to the C-terminal pY of ITP bound in (N)SH2. These data suggest that ITP binding tSH2 UN or tSH2 PM does cause detectable perturbations on the SH2-SH2 interface. The fact that this perturbation occurs only during tSH2 UN and tSH2 PM but not tSH2 FX binding with ITP implies that even though the SH2 domains are partly decoupled in 
Entropy is the major cause of the decreased tSH2 binding affinity after Y130 phosphorylation
The lack of substantial differences in the SH2-domain chemical shifts between the ITP-bound states of tSH2 UN and tSH2 PM [ Fig. 5(C) ] suggests that the binding interactions of Syk with the receptor dp-ITAM are highly similar whether or not Y130 is phosphorylated, and even though the conformational ensembles vary between unligated tSH2 UN and tSH2 PM given the differences in chemical shift [ Fig. 5  (A) ]. Without effects on binding interactions, an enthalpic basis for the allosteric regulation of Sykreceptor association by IA phosphorylation [ Fig. 2 (B, C)] is questionable. To specifically determine the thermodynamic basis for reduced affinity upon Y130 phosphorylation, the association between tSH2 constructs and ITP was characterized using isothermal titration calorimetry (ITC). The ITC titration curves for the three forms of tSH2 binding ITP show only one apparent binding process with a stoichiometry number near unity (an example is shown in Fig. S4 for tSH2 PM titrated with ITP). Accordingly, the ITC data must be reconciled in view of the two-step binding process in Figure 2 required to adequately fit the titration data in the NMR lineshape analysis of tSH2 association with dp-ITAM. 24 The reconciliation is shown in Figure 9 comparing the two-step process, and associated thermodynamic parameters for the NMR analysis [ Fig. 9(A) ], with the one-step process and apparent parameters obtained from ITC [ Fig. 9(B) ]. Unlike the residue-level resolution achieved for titrations followed by NMR spectral changes, ITC is unable to discriminate the formation of the single-site and two-site ligated forms as the readout contains unresolvable signals from both binding steps. The interpretation of the ITC data and apparent thermodynamic values in terms of the microscopic parameters is outlined below with Eqs. 1-7.
The microscopic binding parameters for the two-step process [ Fig. 9(A) ] were determined previously from the global fitting of multiple resonances from the two SH2 domains. 24 In the first step of the kinetic model, ligandfree tSH2 protein, NC, binds inter-molecularly to the Nterminal pYXX(I/L) cassette of free dp-ITAM, L, through the (C)SH2 domain to form the monofunctional complex, NC N ; in the second step, the (N)SH2 domain binds intramolecularly to the C-terminal pYXX(I/L) cassette through isomerization to form the bifunctional complex, N 0 C 0 . 24 K CN and K 0 N are the equilibrium dissociation constant and equilibrium isomerization constant for the first and second binding steps, respectively,
The total protein (P total ) and ligand (L total ) concentrations (both free and bound states) are
ΔH o 1 and ΔH o 2 are the enthalpy changes for the intermolecular binding and isomerization steps, respectively. By the nature of isomerization, the second binding step does not depend on ligand concentration, and thus the monofunctional complex, NC N , and the bifunctional complex, N 0 C 0 , form at the constant ratio defined by K 0 N . Nevertheless, the 3-state model cannot be used directly to fit the ITC titration curves, which show only one apparent binding process with a stoichiometry number near unity (Fig. S4) . The ITC data were, therefore, fit to a pseudo 2-state binding model [ Fig. 9 Thus, the macroscopic apparent equilibrium dissociation constant K App is
The apparent enthalpy change of the pseudo 2-state binding model, ΔH 
Similarly, the corresponding apparent entropy change is
The apparent equilibrium dissociation constants were estimated from the binding curves fitted to the ITC data for each tSH2 form binding ITP. The parameters for a single SH2 domain binding one pYXX(I/L) cassette were also determined. As shown in Table I , the tSH2 affinity for ITP depends on the state of linker A: K App is 27 AE 7 nM for tSH2 UN , 1.4 AE 0.1 μM for tSH2 PM , and 1.6 AE 0.1 μM for tSH2 FX .The isolated SH2 domains showed lower affinities in binding with IHPs; K d ranges from 24 AE 3 to 190 AE 20 μM. In line with the conclusions from the previous NMR titration analysis, 24 the data in Table I indicate that the binding between tSH2 PM and dp-ITAM is bifunctional because the binding affinity of tSH2 PM with ITP is significantly higher (>10-fold) than any of the single-domain binding affinities. Further, the first step of tSH2 interaction with dp-ITAM is likely through the C-terminal SH2 domain interaction with the N-terminal pYXX(I/L) cassette because this association has the highest affinity among all single-domain binding processes. Comparing with the reported corresponding binding affinities from NMR analysis, 24 these K d values are systematically lower by two-to three-fold while the relative relationships are the same; this difference may be caused by the lower ionic strength of the ITC buffer (0.10 M for ITC buffer; 0.13 M for NMR buffer; see Methods section); a greater affinity at lower ionic strength is predicted based on the reported role of electrostatic interactions in SH2 domain recognition. 16 The apparent binding enthalpy and entropy were also determined for all interactions (Table I) . Notably, the apparent enthalpy changes of the three tSH2 constructs (tSH2 UN , tSH2 PM , and tSH2 FX ) for binding with ITP are similar (−15 AE 1, −16 AE 1, and − 16 AE 1 kcal/mol, respectively). By contrast, the apparent binding entropies differ substantially (−15 AE 1, −26 AE 1, and − 28 AE 1 cal/mol/deg for tSH2 UN , tSH2 PM , and tSH2 FX , respectively). Comparing with tSH2 UN , both tSH2 PM and tSH2 FX have a higher entropic penalty in binding ITP. These data indicate that entropy is the major cause for the decreased binding affinity of Syk tSH2 with dp-ITAM when Y130 is phosphorylated. To gain more insight into the effects of the linker status on binding affinity, we turn to the microscopic 3-state model.
The microscopic thermodynamics parameters for the isomerization step of the 3-state model for tSH2 binding ITP peptide [ Fig. 9(A) ] can be calculated from the apparent thermodynamic parameters of the 2-state ITC model assuming the first step of bifunctional binding is approximated by C-SH2 binding N-IHP, as done previously. 24 If K App and K CN are known, the equilibrium isomerization constant, K 0 N , can be calculated from Eqs. 1-5 as
If ΔH 
Similarly,
Parameter values for the first binding step (K CN , ΔH The resulting thermodynamic parameters for isomerization to bind the second site in the three tSH2 forms from Eqs. 8-10 are shown in Table II . The results in Table II find that the introduction of a negative charge on IA increases the free energy for the isomerization step due to a higher entropic penalty for binding the second pYXX(I/L) cassette. The equilibrium of the isomerization step becomes less favorable in the direction of the bifunctional complex N 0 C 0 for either
The increased free energy of the isomerization step for tSH2 PM and tSH2 FX is due to the entropy associated with the second step (ΔS o 2 = −17 AE 2, −30 AE 2, and − 32 AE 1 cal/mol/deg for tSH2 UN , tSH2 PM and tSH2 FX , respectively), while the isomerization enthalpy is the same within the error limits for all forms of tSH2.
Additivity of ITP binding
Characterization of the two-step binding process [ Fig. 9 (A)] invites consideration of the additivity of the binding free energy for the bifunctional association of ITP. Additivity is assessed by comparing the free energy of binding ITP to the intrinsic binding of the component parts, N-IHP and C-IHP, to the isolated SH2 domain. Any departure from additivity is expressed in terms of a "connection free energy", 45 ΔG
With the assumption supported by the global analysis of NMR lineshapes 24 that the free energy for the first step equals that of the isolated C-SH2 binding N-IHP, the connection free energy of the bifunctional binding for the tSH2-ITP complexes becomes the difference in the equilibrium for N-SH2 binding C-IHP and the isomerization step for binding ITP:
The results in Table III find that ITP binding to the unphosphorylated tSH2 UN is close to additive with only about 10-fold increase in the combined dissociation constants (27 AE 8 vs. 3.0 AE 0.4 nM) and a small ΔG 0 C (1.3 AE 0.9 kcal/mol). The departure from additivity is greater for tSH2 PM and tSH2 FX as expected from the reduced affinity when IA conformation is altered. Interestingly, in all three cases, the departure from additivity arises from opposing entropic and enthalpic contributions; it is the result of an entropic penalty for isomerization that is greater than a favorable gain in the enthalpy for bifunctional binding. The unfavorable ΔS 0 C cannot result from overall rotation/translation, and likely arises from configurational entropy. The formation of inter- for the first-step, inter-molecular binding, are from Table I for the isolated C-SH2 binding with N-IHP and are assumed to be the same for all three tSH2 proteins with alternative forms of the IA linker. 
Conclusion
Results presented here from NMR chemical shift differences and binding thermodynamic measurements elucidate the allosteric mechanism for regulating the association of Syk with receptor ITAMs due to phosphorylation of Y130, a site remote to the dp-ITAM binding regions [ Fig. 1(A) ]. The introduction of negative charge in the IA domain linking the two SH2 domains of Syk was found to decrease affinity for receptor dp-ITAM by imposing an entropic penalty to binding, with essentially no effect on the energy of binding. Such an entropy-based mechanism, absent of enthalpic contributions, suggests that intermolecular contacts are unchanged by phosphorylation, in distinct contrast to other protein-protein interactions regulated by phosphorylation. The entropic penalty can be rationalized to be an increase in the disorder of the inter-domain structure imposed on the conformational ensemble of Syk tSH2 by Y130 phosphorylation. Bifunctional association of dp-ITAM, with a specific separation of the pYXX(I/L) cassettes that must occupy a site on each SH2 domain, would impose conformational restraints on SH2 interdomain structure and greater loss of entropy when Y130 is phosphorylated. The conclusion that conformational entropy from disorder in the inter-domain structure is a major contribution to the difference in binding entropy derives in part from prior knowledge that Y130 phosphorylation changes the hydrodynamic radius, rotational tumbling times or relative orientation of the SH2 domains, 21, 24 and that the increase in binding free energy can be attributed to the isomerization step for second-site binding [ Fig. 2  (A) ]. 24 Further, the entropy of the bifunctional process for binding dp-ITAM clearly includes contributions beyond that of the intermolecular association of the two pYXX(I/L) cassettes given that TΔS is considerably less favorable for ITP (−4.6 to −8.3 kcal/ mol, Table I ) than for either of the half-sized peptides, N-IHP or C-IHP (0.5 or − 1.2 kcal/mol, Table I ).
Thus, Y130 phosphorylated Syk likely exhibits greater disorder in the relative SH2-SH2 displacement and orientation than unphosphorylated Syk, yet order in the inter-domain structure is imposed upon bifunctional binding of dp-ITAMs to a similar degree independent of the linker state. Absent of Y130 phosphorylation, Syk tandem SH2 domains are more tightly coupled with an inter-domain structure primed for bifunctional dp-ITAM binding, and, therefore, a smaller loss of entropy occurs than Syk phosphorylated at Y130 in IA.
The mechanism by which Y130 phosphorylation affects Syk association with receptor dp-ITAM is unlike previously described mechanisms for controlling protein function by phosphorylation. No change in the binding enthalpy when residue 130 is negatively charged suggests that phosphorylation does not affect intermolecular contacts, unlike what is commonly observed upon protein phosphorylation of numerous proteins. 46 That phosphorylation does not alter Syk binding interactions is further supported by the negligible differences between the chemical shifts of the observed resonances of tSH2 UN /ITP and tSH2 PM /ITP shown in Figure 5 (C). Protein phosphorylation has been recognized to regulate binding or enzymatic catalysis through a variety of conformational changes that affect intermolecular interactions, and, in some cases, enzyme catalytic efficiency. 46, 47 The mechanisms for the function of protein phosphorylation can be summarized as either creating or destroying the recognition site, either with or without a change in structure induced by phosphorylation. By contrast, the nearly identical chemical shifts [ Fig. 5 (C)] and the negligible binding enthalpy difference (Table I) Table I for the isolated C-SH2/N-IHP and N-SH2/C-IHP binding, and Table II for tSH2 proteins binding ITP.
Most interesting is the comparison of tSH2 UN and tSH2 PM to consider the effect of Y130 phosphorylation. We found that even though there are large differences in chemical shifts in the unligated state from residues that occur at the SH2-SH2 interface [ Fig. 5  (A,B) ], as mentioned above, binding a dp-ITAM Fig. 7(C,D) ].
Methods

Plasmid construction
The details for constructing Syk tSH2 UN , tSH2 PM , tSH2 FX , and N-SH2 plasmids are described in previous publications. 21, 24 Briefly, cDNA encoding murine Syk tandem SH2 domains (Ser 8 to Gln 264) was cloned into pET-30a(+) vector (Novagen). tSH2 UN is the wild-type sequence. tSH2 PM was constructed using QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) to mutate Y130 to glutamate. The construct tSH2 FX has interdomain A (Phe 119 to His 162) replaced with a flexible 20-amino-acid linker, (GGS) 3 GS(GGS) 3 , as described. 24 cDNAs encoding N-SH2 (Ser 8 to Gly 117) plus an N-terminal (His) 6 tag and TEV cleavage site, or C-SH2 (His 162 to Gln 264) were cloned into pET-30a(+) vectors (Novagen). All plasmids are deposited in the non-profit repository Addgene (Cambridge, MA) with the following plasmid#: 111269 (tSH2 UN ), 111271 (tSH2 PM ), 111272 (tSH2 FX ), 111274 (N-SH2), and 111419 (C-SH2).
Protein expression and purification
The expression and purification procedures are described in previous publications. 21, 24 Briefly, all constructs were expressed in Escherichia coli strain Rosetta 2 (DE3) (Novagen). Cells were grown to an OD 600 reading of 1.0-1.3 at 37 C in M9 minimal medium containing 15 N-labeled NH 4 Cl. Protein expression was initiated with 1 mM IPTG and cells were transferred to 18 C. After 18-20 h, cells were harvested by centrifugation and stored at −20 C. The total soluble protein in cells was collected by French press lysis (three passes) and ultracentrifugation (40,000 rpm, 40 min, and 4 C) to remove the insoluble fraction. The proteins expressed from the three tSH2 constructs and C-SH2 were purified with a phosphotyrosine-agarose affinity column where elution was by using a linear gradient of buffer B (buffer A: 50 mM Tris, pH 8.0, 0.02% NaN 3 , 5 mM DTT; buffer B: buffer A plus 1 M NaCl). N-SH2 protein was purified with a HisTrap HP affinity column (GE Healthcare), followed by His-tag cleavage with His-tagged AcTEV protease (Invitrogen), and further purified with the HisTrap HP affinity column.
Sample preparation
After purification, the proteins were concentrated to 0.8-1.0 mM with an Amicon Ultra-15 Centrifugal Filter Unit (Millipore), and then dialyzed extensively against NMR buffer (50 mM sodium phosphate, pH 7.5, 5 mM dithiothreitol (DTT), and 0.02% NaN 3 ) or ITC buffer (10 mM HEPES, pH 7.0, 100 mM NaCl, 1 mM TCEP, and 0.02% NaN 3 ) at 4
C. The protein concentration of N-SH2 was determined by a Bradford assay kit (Thermo Scientific) due to the lack of tryptophan residues; the concentration of the other constructs was estimated from UV absorbance at 280 nm with extinction coefficients calculated by ExPASy ProtParam , and C-IHP (Ac-QRDL(pY)SGLNQR-NH 2 ), were purchased from EZBiolab. The purity of all peptides was >95% based on HPLC. The peptides were dissolved in pure water and the pH was adjusted to 7. For NMR experiments, the dissolved peptides were dialyzed extensively against pure water, measured for concentration, aliquoted, lyophilized, and stored at −20 C before use; For ITC experiments, the peptides were extensively dialyzed against ITC buffer, measured for concentration, and stored at 4 C before use. The concentrations of peptides were estimated based on UV absorbance at 267 nm with extinction coefficients from the literature (ITP: 1304, IHPs: 652 M −1 cm
−1
).
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NMR data collection and analysis NMR data were collected on a Bruker Avance-III-800 equipped with a 5 mm TXI Z-gradient probe at 298 K. A protein sample ($0.3 mM) was sequentially mixed with aliquots of lyophilized peptide until saturation, and the chemical shifts were monitored by 2D The raw NMR spectra were processed by NMRPipe 49 and visualized by SPARKY 3.113 (T. D. Goddard and D. G. Kneller, University of California, San Francisco, CA). Peaks were assigned according to our previously published data. 21, 24 The peak information was exported to data files; the data were processed and visualized with R. 50 The views of structures were generated with PyMOL. 51 The CSP r where the coefficients are based on the ratio of the average variances of the amide proton and nitrogen chemical shifts observed for the 20 common amino acid residues from the deposited information of proteins in the BioMagResBank. 52, 53 ITC data collection and analysis ITC experiments were performed using a MicroCal iTC200 (Malvern Instruments). A protein sample was loaded into the cell (200 μL) while a peptide sample was loaded into the syringe (40 μL). The tested binding systems have estimated K d values in a diverse range 24 (sub-micromolar or micromolar for the tSH2 constructs, and tens or hundreds of micromolar for the isolated SH2 domains). The concentrations of protein samples (0.02 mM for tSH2 UN ; 0.05 mM for tSH2 PM ; 0.1 mM for tSH2 FX , N-SH2, and C-SH2) were selected such that the c values ([P] total /K d ) were approximately between 1 and 1000 (preferentially around 40 when possible) to have optimal curve fittings. [54] [55] [56] The peptide solutions were 0.2-5 mM. The final molar ratio of peptide:protein was between 2 and 12 depending on the estimated binding affinity such that the titration curve can reach close to the saturation state. The number of injections was between 18 and 36 such that there are sufficient points in the intermediate region of the titration curve for reliable curve fitting. All ITC experiments were independently performed at least two times. The raw ITC data were processed with the MATLAB-based program NITPIC for peak-shape analysis and then fitted with SEDPHAT to an apparent two-state binding model to obtain the equilibrium dissociation constant, the enthalpy, and the stoichiometry of binding. 57, 58 Parameters of the isomerization step for the tSH2 constructs were calculated with home-written scripts in R. 50 See Figure S5 for the simulated changes of concentrations of each species during ITC tests for tSH2 constructs binding with ITP using the 3-state binding model.
